Most plant species rely on seeds for their dispersal and survival under unfavorable environmental conditions. Seeds are characterized by their low moisture content and significantly reduced metabolic activities. During the maturation phase, seeds accumulate storage reserves and become desiccation-tolerant and dormant. Growth is resumed after release of dormancy and the occurrence of favorable environmental conditions. Here we show that embryonic cotyledon nuclei of Arabidopsis thaliana seeds have a significantly reduced nuclear size, which is established at the beginning of seed maturation. In addition, the chromatin of embryonic cotyledon nuclei from mature seeds is highly condensed. Nuclei regain their size and chromatin condensation level during germination. The reduction in nuclear size is controlled by the seed maturation regulator ABSCISIC ACID-INSENSITIVE 3, and the increase during germination requires two predicted nuclear matrix proteins, LITTLE NUCLEI 1 and LITTLE NUCLEI 2. Our results suggest that the specific properties of nuclei in ripe seeds are an adaptation to desiccation, independent of dormancy. We conclude that the changes in nuclear size and chromatin condensation in seeds are independent, developmentally controlled processes.
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seed development | seed imbibition | seed germination | chromatin organization P lant seeds represent a quiescent dehydrated state with significantly reduced metabolic activities, which renders them resistant to abiotic stresses and viable for years. Germination occurs when nondormant seeds meet permissive environmental conditions for humidity, light, and temperature. Seed dormancy evolved to postpone germination during unfavorable seasons (1) (2) (3) . The moisture content of ripe seeds from the model plant Arabidopsis thaliana is <10% (4). Low humidity levels can cause cellular damage due to protein unfolding and membrane disturbance. Sugars, late embryogenesis abundant proteins, and heat shock proteins play important roles in preventing this damage in seeds (5) .
Dehydration, accumulation of storage reserves, and induction of dormancy occur during the seed maturation phase, which is initiated after the embryo has fully developed (4) . In Arabidopsis, seed maturation is tightly controlled by at least four central regulators, ABSCISIC ACID-INSENSITIVE 3 (ABI3), LEAFY COTYLEDON 1 (LEC1), LEC2, and FUSCA 3 (FUS3) (3, 6, 7) . Other proteins have more dedicated roles in one of these processes; for instance, DELAY OF GERMINATION 1 (DOG1) and HISTONE MONOUBIQUITINATION 1 (HUB1) are required only for the establishment of seed dormancy (8, 9) .
Dry seeds represent a transitional state between embryo and seedling. During a phase transition, genes that control the "new" state need to be activated, whereas genes required for the "old" state must be repressed. Chromatin compaction in the cell nucleus has been proposed to contribute to gene regulation by allowing differential accessibility of DNA for the transcription machinery (10, 11) . Accordingly, developmental changes in the plant are often accompanied by active modification of the chromatin structure (12) . For example, chromatin compaction is loosened in protoplasts and before flowering (13) (14) (15) , but increases during cell differentiation in maturing leaves and during seedling establishment (10, 16) .
Whether the significantly reduced metabolic activity and moisture content of dry seeds are associated with changes in chromatin organization remains unclear, however. Initial observations by Mansfield and Briarty (17) of decreased nuclear volume during seed maturation in Arabidopsis have not been followed up by detailed analyses. Suggestions that chromatin organization is altered during seed development and is genetically controlled come from the identity of HUB1, REDUCED DORMANCY 2 (RDO2), and other factors associated with the polymerase II-associated factor 1 complex (PAF1C). PAF1C modulates the (local) structure of chromatin during transcription elongation, and mutations in factors associated with this complex exhibit reduced seed dormancy (9, 18) . In addition, germinating seeds lack conspicuous heterochromatic DNA domains (chromocenters), which reappear during seedling establishment (16) .
Here we report a significant decrease in the size of nuclei of embryonic Arabidopsis cotyledons during seed maturation, accompanied by increased chromatin condensation. These properties are reverted during germination. We show that nuclear size reduction and increased chromatin compaction in seeds are independent processes, and propose that they are part of the seed developmental program associated with desiccation tolerance.
Results
Cell Nuclei Decrease in Size During Seed Maturation. Seed development in Arabidopsis took approximately 20 d under our growth conditions. Embryo development was completed during the first 8-10 d, and the seeds matured during the remainder of the period. We examined the morphology of spread nuclei from embryonic cotyledons during seed maturation in the accessions Columbia-0 (Col) and Landsberg erecta (Ler) using DAPI staining. Strikingly, a significant decrease in nuclear size was observed in embryonic cotyledons during seed maturation ( Fig. 1 A and B and Fig. S1 ). The greatest decrease in size occurred 8-12 d after pollination (DAP) (Fig. 1C) . This size decrease was confirmed by nuclear volume measurements (Fig. 1D) . The average size of maturing seed nuclei at 10 DAP was 35.9 ± 6.6 μm 2 for Col and 32.2 ± 3.9 μm 2 for Ler. Interphase nuclei of diploid leaf mesophyll cells of 20-d-old vegetative plants grown simultaneously in the same growth-cabinet were 223.4 ± 29.5 μm 2 for Col and 204.1 ± 22.9 μm 2 for Ler. This indicates that nuclei in the embryo are already ∼84% smaller than leaf nuclei before the start of seed maturation. Interestingly, the main reduction in nuclear size during maturation was established before major dehydration, which typically occurs between 17 and 20 DAP (4). Adult plant tissues include a range of ploidy levels, and DNA content is positively correlated with nuclear and cell volumes (19) . We did not detect major differences in the amount of DAPI staining between nuclei derived from cotyledons at 10 DAP and 20 DAP, indicating that these nuclei contain similar amounts of DNA (Fig. S2) . Therefore, differences in ploidy level cannot explain the reduction in nuclear size.
Nuclei increased again in size during imbibition/germination (Fig. 1E) , as confirmed in vivo using a transgenic line driving the nuclear marker histone H2B fused to fluorescent GFP (Fig. 1 F  and G and Fig. S3 ). Although seeds are saturated with water at 1-2 h after imbibition (20) , a significant increase in nuclear size was observed after 24 h of imbibition. This indicates that the seed's hydration status cannot directly explain the dynamics in nuclear size. We studied the relationship between germination and nuclear size by separating germinated seedlings from dormant seeds after a 72-h imbibition of freshly harvested Col and Ler seeds. Cotyledon nuclei from seedlings were significantly (P < 0.0001) larger than those of embryonic cotyledons of dormant seeds (Fig.  1H ). This indicates that germination, rather than imbibition, is required for the increase in nuclear size, and that controlling nuclear size is part of the seed development program.
Chromatin in Mature Seeds Is Highly Condensed. Arabidopsis leaf mesophyll interphase nuclei typically have 6-10 discrete, intensely DAPI-stained "heterochromatic" domains known as chromocenters (10, 21) . These domains contain repetitive DNA, such as ribosomal genes, transposable elements, and (peri)centromeric repeats. The small nuclei of embryonic cotyledons in seeds displayed domains with enhanced DAPI staining ( Fig. 1 A and B and Fig. S1 ). More specific staining using Hoechst 33258 dye confirmed these domains as true chromocenters (Fig. S4 ). We performed FISH experiments to analyze the distribution of centromeric, pericentromeric, and rDNA sequences during seed maturation and imbibition. The 45S rDNA sequences were always condensed, whereas the 180-bp centromeric sequences were condensed during seed maturation but moderately dispersed after 24 h and 72 h after imbibition. The pericentromeric sequences became highly condensed at 20 DAP and 2 h after imbibition, and dispersed after 24 h and 72 h imbibition ( Fig. 2 and Fig. S5 ). Despite the dispersion of centromeric and pericentromeric sequences at 24 h after imibibition, the nucleus was still small at this time (Fig. 1E) , indicating that the dynamics of chromatin compaction in seeds is independent of changes in nuclear size. We quantified chromatin condensation by calculating the relative heterochromatic fraction (RHF), an indicator of chromatin compaction in chromocenters (10, 22, 23) . A high RHF corresponds to high chromatin compaction. The RHF values in embryonic cotyledons confirmed that chromatin becomes significantly more compact during seed maturation (P = 0.03 in Col and P = 0.003 in Ler, 8 DAP compared with 20 DAP) (Fig. 3A) . A maximum RHF value of ∼0.2 was reached in dry seeds. For comparison, young vegetative leaves typically have an RHF of ∼0.08-0.14, whereas fully differentiated leaves have an RHF of ∼0.11-0.16 (10, 24) . During imbibition, the RHF again decreased significantly (P = 0.003 in Ler, after 72 h; Fig. 3B ) to levels found in leaves and developing embryos. In germinating Col-0 seeds, a significant RHF reduction (P = 0.01) was already observed after 24 h of imbibition, before the increase in nuclear size. This confirms that control of chromatin compaction in seeds is independent of nuclear size.
Because pericentromeric regions are characterized by high levels of methylated DNA, we examined 5-methylcytosine (5mC) patterns at late embryo development (8 DAP) and during seed maturation and germination. We found a striking change in 5mC distribution from early to late seed maturation and during germination. The moderately dispersed 5mC pattern at 8 and 10 DAP became significantly condensed at 20 DAP and 2 h after imbibition, after which a complete dispersion was visible at 24 h and 72 h ( Fig. 2 and Fig. S5 ). These dynamic changes in 5mC distribution reflect the processes of chromatin compaction during seed maturation and decondensation of chromatin during germination. The low-compaction phenotypes at 24 h and 72 h after imbibition resemble those of the decrease in DNA methylation 1 (ddm1) mutant (23) . The expression profile of DDM1 cannot account for the observed phenotype, however (Fig. S6) .
Dynamics of Nuclear Size Is Regulated by ABI3, LINC1, and LINC2. We next studied the influence of the major regulator of seed maturation, ABI3 (7), on nuclear size. One of the most severe mutant alleles, abi3-5, is insensitive to abscisic acid during germination, desiccation-intolerant, and nondormant (25) ; however, maturing seeds of strong abi3 mutant alleles still have decreased moisture content during seed maturation, only slightly lower than that of WT seeds (26) . Nuclear area and volume measurements in abi3-5 embryos during seed maturation revealed larger nuclei and less decrease in size compared with WT at 10 and 20 DAP (Fig. 4A and Fig. S7 ). WT Ler lost 60.0% of its size during seed maturation (19.5 μm 2 ), compared with a 22.5% (11.1 μm 2 ) loss in abi3-5. This indicates that ABI3 plays a role in controlling nuclear size during seed maturation.
The nuclear matrix constituent protein 1-related nuclear proteins LITTLE NUCLEI 1 (LINC1) and LINC2 are known to affect nuclear morphology in an additive manner, and the double mutant linc1-1 linc2-1 demonstrates a significant reduction in nuclear size and a semidwarf phenotype (27) . Nuclei from linc1-1 linc2-1 did not show a significant size decrease during seed maturation. They were already small at 10 DAP and were similar in size to Col WT nuclei at 20 DAP (Fig. 4B) . During germination, nuclei size in linc1-1 linc2-1 did not increase significantly, and it remained significantly smaller (0.01 > P < 0.05) compared with Col WT after 72 h (Fig. 4C) . This demonstrates that in the absence of LINC1 and LINC2, nuclei remain small (normally seen only in mature seeds) throughout their entire life cycle. FISH and immunolabeling signals from the small linc1-1 linc2-1 nuclei revealed a similar distribution of 180-bp tandem repeats, 45S rDNA, pericentromeric sequences, and 5Mc during imbibition and germination (Fig. S8) as observed for WT (Fig. 2) . This indicates that control of chromatin compaction in (germinating) seeds is independent of nuclear size.
We recently reported that the transcription elongation factors HUB1 and RDO2 are up-regulated during seed maturation (18) . The hub1-2 and rdo2-1 mutants are characterized by reduced seed dormancy and a high number of differentially expressed genes at the end of seed maturation, including down-regulation of the dormancy gene DOG1 (9, 18). Up-regulation of HUB1 and RDO2 during seed maturation coincides with the decrease in nuclear size, possibly indicating an increased requirement for these factors to maintain transcriptional activity in the small nuclei with enhanced chromatin compaction. In contrast to Col-0, transcript levels of HUB1 and RDO2 did not change between 16 DAP and 20 DAP during seed maturation in the linc1-1 linc2-1 double mutant (Fig. 4 D and E) . Moreover, relative HUB1 expression was already greater than that in WT at 16 DAP, suggesting that transcriptional regulation of these transcription elongation factors is controlled by nuclear size and/or LINC1 LINC2. Involved in Desiccation Tolerance. Freshly harvested Arabidopsis seeds are dormant and incapable of germination. The small and highly heterochromatic nuclei of seeds might prevent transcriptional activity and could be part of the dormancy mechanism. Thus, we studied the relationship between dormancy and nuclear size reduction during seed maturation using Arabidopsis genotypes with different dormancy levels. The highly dormant genotypes Cape Verde Islands-0 (Cvi-0) and Near-Isogenic Line NILD106, as well as the nondormant mutants dog1-1 (8), dog1-2, and rdo2-1 (28), showed a similar nuclear size reduction during seed maturation as Ler and Col (Fig. 5A ), indicating that seed dormancy is independent of the reduction in nuclear size during seed maturation. In addition, the linc1-1 linc2-1 double mutant with constitutive small nuclei showed similar dormancy levels as Col WT (27) (Fig.  5B) . The only exception to this was the nondormant mutant hub1-2 (9) (Fig. 5A ), which did not show a significant reduction in nuclear size during seed maturation, similar to abi3-5, indicating that this gene possibly plays a role in controlling nuclear size. The low moisture content of ripe Arabidopsis seeds (<10%; ref. 4) suggests that the reduction in nuclear size and increased chromatin condensation might be an adaptation to very low moisture contents. We tested this hypothesis by measuring the nuclear size in leaves of the desiccation-tolerant resurrection plant Craterostigma plantagineum (29) . We found that desiccation of leaves led to a significant decrease in nuclear size (Fig. 5C) , suggesting that the decreased nuclear size is not restricted to seeds, but could represent a universal mechanism in acquisition of desiccation tolerance.
Discussion
Nuclei in the embryonic cotyledon of dry seeds are significantly reduced in size and have highly condensed chromatin. These properties are established during seed maturation and reversed during germination, as shown schematically in Fig. 6 . The decrease in nuclear size is independent of the reduction in cell size and ploidy levels, because the cotyledon cell volume even increases during embryo development and early seed maturation (4, 17) . We found no major differences in ploidy levels in nuclei at 10 DAP and 20 DAP (Fig. S2) .
Why Are Nuclei in Ripe Seeds Compact? Observations in germinating and dormant Phaseolus vulgaris seeds have demonstrated that nuclei reversibly shrink toward the dormant phase (30) . In addition, studies of Phaseolus lunatus and maize (Zea mays) found smaller nuclei in dormant seeds compared with germinated seeds, suggesting that chromatin is more compact in dormant seeds (31) . Using genotypes with differing dormancy levels, we have shown here that the nuclear size of embryonic cotyledons is independent of seed dormancy in Arabidopsis. Mansfield and Briarty (17) suggested that a reduction in nuclear size could be related to lower transcription rates and water loss in seeds. Analogously, reduced nuclear size has been reported in petioles of the desert plant Zygophyllum dumosum during the dry season (32), and we found decreased nuclear size in C. plantagineum leaves after desiccation. In Arabidopsis, the main decrease in nuclear size during seed maturation occurs between 10 and 14 DAP (Fig. 6) , with only minor decreases thereafter. This develops in concert with the establishment of desiccation tolerance, which occurs between 13 and 15 DAP (33) and precedes the major decrease in water content, from ∼32% to <10%, occurring between 17 and 20 DAP (4). Nuclear size also is not directly influenced by the initial uptake of water in dry seeds during imbibition ( Fig. 1 E and H and Fig. 6 ). ABI3 is required for the nuclear size reduction during seed maturation, and LINC1 and LINC2 are required for the size increase during germination. Taken together, these findings suggest that the decrease in nuclear size is an active process that is likely part of a general mechanism for establishing desiccation tolerance in plants.
Transition from Embryo to Seedling. Developmental phase transitions are generally characterized by a transient loosening of chromatin compaction (10) (11) (12) (13) (14) (15) (16) . In contrast, we found increased chromatin compaction in the seed during the transition from embryo to seedling (Fig. 6 ). This indicates that the transitional state of seeds deviates from other phase transitions, probably because seeds represent a prolonged quiescent state under desiccated conditions. Our FISH and 5mC immunolabeling results demonstrate that chromatin decondensation does occur during imbibition of dry seeds and is independent of the changes in nuclear size ( Fig.  2 and Fig. S8 ). This suggests that the transition from embryo to seedling at the chromatin level occurs during imbibition, as also proposed by Comai and Harada (34) based on the timing of transcriptional activities of germination specific genes.
Influence of Chromatin Compaction on Nuclear Functioning. To the best of our knowledge, the reduced nuclear size in Arabidopsis is specific for (maturing) seeds and might not be adequate for full nuclear functioning in other tissues. In accordance with this, the linc1-1 linc2-1 double mutant with constitutive small nuclei shows a semidwarf and leaf-curling phenotype (27) . A nucleus of a given size cannot contain an unlimited amount of DNA; Fujimoto et al. (35) reported an upper limit of 3% for the ratio of DNA volume to nuclear volume by comparing root tip cells across plant species with different genome sizes. In Arabidopsis embryonic cotyledon nuclei with reduced size at 20 DAP, this ratio does not exceed 1%, which is well below the upper limit found in plants but above the value of 0.26% reported by Fujimoto et al. (35) in Arabidopsis root tip cells. This confirms that the chromatin in these reduced nuclei is highly compacted.
Increased chromatin compaction is associated with decreased transcriptional activity (10) (11) (12) . Consistently, active transcription in mature seeds is very low or absent, although run-on studies have shown that several genes remain transcriptionally competent in dry seeds (34) . We have shown that nuclei regain their normal size and structure only after germination (Fig. 6) , suggesting that transcription rates are fully restored only after germination. This implies that the germination process itself does not require high transcription rates. In accordance with this finding, it has been shown that germination can occur without active transcription but requires translation, probably from mRNAs stored in the seed (36) .
The situation is different during seed maturation, when nuclei are small and the chromatin is highly condensed, although active transcription of maturation-specific genes is still required. We recently reported that genes encoding PAF1C factors are up-regulated toward the end of seed maturation, and that mutants of these genes have reduced dormancy (18) . PAF1C provides a platform for the association of complexes that modulate the (local) structure of chromatin during transcription elongation (37) . Our data indicate that at least two of these PAF1C-associated factors, HUB1 and RDO2, were not up-regulated during seed maturation in the linc1 linc2 double mutant with constitutively small nuclei. HUB1 expression was already increased before the end of seed maturation in these small nuclei. Interestingly, HUB1 and RDO2 homologs were also identified as being up-regulated during desiccation in a transcriptome analysis of C. plantagineum (38) . We propose that up-regulation of PAF1C-associated factors represents a general mechanism for maintaining gene expression in dehydrating nuclei with decreased size and increased chromatin compaction.
Materials and Methods
Plant Materials and Growth Conditions. The rdo2-1 (Ler) mutant (28), hub1-2 (Ler) (9), NILD106 (containing the Cvi-0 DOG1 allele in the Ler isogenic background) (39), dog1-1 (8), linc1-1 linc2-1 (Col) (27) , and abi3-5 (Ler) (25, 40) have been described previously. All of these mutants were kind gifts of the authors who described the lines. The dog1-2 (Col) mutant, containing a premature stop codon, was isolated by V. Raz (Wageningen University, Wageningen, The Netherlands).
Plants were grown in soil containing a mixture of substrate and vermiculite (3:1) in growth cabinets (Elbanton) in 16 h light at 22°C and 8 h dark at 16°C. Seeds for imbibition and germinating experiments, nuclear size/volume measurements, FISH, and immunolabeling were sown on filter paper in Petri dishes, placed into transparent moisturized containers, and incubated in a germination cabinet (Van den Berg Klimaattechniek) in 16 h light at 25°C and 8 h dark at 20°C.
C. plantagineum was grown in an artificial clay substrate as described previously (38) . Leaves of 6-to 8-wk-old plants were either fixed directly in Carnoy fixative or obtained from plants that had been dehydrated by withholding water to reach a relative water content <5%. 6 . Schematic representations of the dynamics of chromatin compaction, nuclear size, and moisture content during the transition from embryo to seedling. Arabidopsis embryonic cotyledon nuclei significantly decrease in size during seed maturation and increase again during germination (Fig. 1) . Chromatin compaction increases throughout seed maturation, resulting in a high level of compaction in dry seeds (Figs. 2 and 3 ). In the first 3 d after imbibition, the chromatin decondensates dramatically, followed by a rapid increase in compaction during early seedling establishment and vegetative growth. Note that the dynamics of chromatin compaction and nuclear size are independent processes that occur largely independent of changes in moisture content. The dynamics of moisture content during seed maturation is based on Baud et al. (4) , and that during imbibition is based on Preston et al. (20) . Chromatin compaction during seedling establishment is based on Mathieu et al. (16) . The y-axes represent relative scales.
Germination Tests. Approximately 50 seeds of individually harvested plants were sown on filter paper and incubated in a germination cabinet as described above. After 7 d of incubation, the germination percentages were determined. After-ripening of dry seeds was performed in darkness at 21°C and 50% relative humidity in a controlled-atmosphere cabinet (MMM Medcenter).
Cytogenetic Experiments. Tissues were fixed in Carnoys fixative, except those for volume measurements, which were fixed in 1% formaldehyde. Embryonic cotyledons from intact seeds and seedlings were isolated manually using dissection needles under a binocular and were separated from hypocotyl and root tissue before further processing and analysis.
Spread preparations of nuclei were made as described previously (22, 24, 41) and in SI Materials and Methods. Nuclear size (area of the spread nucleus) and RHF [fluorescence intensity of intensely DAPI-stained chromocenters, relative to the fluorescence of the entire nucleus (22) ] measurements were performed using a macro (42) in ImagePro-Plus (Media Cybernetics). Each data point comprises ≥86 nuclei of ≥100 pooled embryonic cotyledons derived from two biological replicates, each consisting of at least five plants (Table S1 ). Nuclear volumes were measured from Z-stacked confocal images as described previosuly (43), using Imaris software (Bitplane). GFP signals from the transgenic line pH2B:H2B::GFP were detected by Z-minimum projection using a Zeiss TCS SP2 confocal microscope.
FISH and immunolabeling experiments were carried out as described previously (22, 24, 41) . Further details are provided in SI Materials and Methods.
Quantitative RT-PCR. Seed RNA was extracted following an adapted protocol of the RNAqueous small-scale phenol-free total RNA isolation kit with an RNA isolation aid (Ambion), as described previously (18) . cDNA synthesis was performed with the QuantiTect Reverse Transcription Kit (Qiagen) including DNase treatment. Quantitative RT-PCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen). Expression was calculated relative to ACT8 (AT1G49240), which has been shown to be an appropriate reference gene for seed-derived cDNA (44) . Primers are listed in Table S2 .
